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The Environmental Resilience Institute supports

transdisciplinary research and training at the

intersection of environmental change and human

well-being by connecting faculty, students, and

citizens together to foster a more resilient and

sustainable future for the global common good.

In early 2020, ERI researchers began to explore how

to implement negative emissions strategies (removal

of carbon dioxide from the environment) throughout

Virginia, to understand the interplay between negative

emissions, communities, and existing economic and

social activities—and analyze potential barriers and

ancillary benefits of carbon mitigation. Future

research will explore how to accelerate the

deployment of negative emissions strategies, how to

create incentives for their adoption, and how to assess

the costs of doing nothing. 

The goal of the Climate Restoration Initiative is to

produce recommendations on pathways to negative

emissions in Virginia and create mapping tools to

inform state and community decision-making. This

work will position Virginia as a model state in

developing integrated negative emissions strategies

that can be translated throughout the nation.
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annually from the atmosphere and store long
term within its borders.
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1 /Introduction

Climate change is an increasingly urgent problem for Virginia and the global
society.  Mitigating it will require a rapid curtailment of greenhouse gas
pollution, primarily emissions of carbon dioxide (CO2). The Virginia legislature
recently established two ambitious climate change mitigation goals. The
Virginia Clean Economy Act requires that all electricity generated in the state
be from carbon-free sources by 2050. A separate statute requires the
preparation of a Virginia Energy Plan that identifies pathways to a net-zero
energy economy in the state by 2045.

Effective climate mitigation and achieving a net-zero energy economy will also
require carbon removal in order to offset emissions from transportation,
industry, and other activities that produce carbon emissions that are expensive
or technologically difficult to cut. This report provides a preliminary estimate of
the amount of CO2 that Virginia can remove annually from the atmosphere and
store long term within its borders. The level of CO2 removal that Virginia needs
to achieve a net-zero emissions goal will depend on how that goal is defined
and the progress the state can make in cutting emissions in key sectors of the
economy. Although some incremental CO2 removal can be realized through
nature-based approaches (such as restoring forests), there are biophysical
limits on how much we can sequester through these processes. If cuts to
emissions continue as slowly as they have for the past decade, the state will
need more intensive forms of CO2 removal such as bioenergy with carbon
capture and storage (BECCS) and direct air capture (DAC) in order to achieve
net-zero goals. 

Our analysis suggests that Virginia can achieve net-zero energy-related
greenhouse gas emissions by decarbonizing the electric power sector,
transitioning to electric vehicles and carbon-neutral transportation fuels,
expanding electrification of the building sector, and deploying BECCS and
potentially DAC to offset any remaining emissions. Figure 1 presents summary
results from our integrated modeling that show expected decarbonization
progress and the need to implement large scale CO2 removal by 2050. All of
these forms of CO2 removal will present unique environmental and economic
tradeoffs and opportunities, which are discussed in this report. 
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A recent study conducted by the University of Virginia’s Energy Transition
Initiative identified pathways to decarbonize Virginia’s energy system with
only a small increase in energy expenditures as a percentage of overall
economic activity (Shobe et al., 2021). Given the magnitude of Virginia’s
existing natural carbon sinks and the potential for increasing negative
emissions within the state, the Commonwealth has an opportunity to look
beyond net-zero CO2 emissions and seek to achieve net-negative emissions
for all greenhouse gases by 2050. That goal could be realized by approaching
net-zero energy related CO2 emissions while also implementing measures to
safeguard and expand natural carbon sinks within the state. 

Figure 1. Model projections of state-level greenhouse gas emissions in Virginia under a scenario
in which emissions reach net-zero by mid-century (excluding potential new policy on
transportation). 

In the model projections in Figure 1, steady reductions in CO2 emissions are
anticipated, and residual emissions in transportation, industry, and buildings
(shown collectively as gray bars here) will need to be offset by CO2 removal
activities (shown in green) in order to meet Virginia’s net-zero goals. We
estimated the potential for additional capture and sequestration of CO2 in
Virginia by restoring both natural ecosystems and the health of agricultural
soils.
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The lands in Virginia with highest
potential for reforestation and the
amount of carbon per year that
could be sequestered on those
lands through reforestation
through 2050.

The carbon mitigation potential of
changing agricultural practices in
Virginia and the amount of carbon
per year that could be
sequestered on agricultural lands
in Virginia through 2050. 

Coastal areas in Virginia with
potential for wetland and
seagrass restoration
(incorporating the effects of sea-
level rise) and the amount of CO2
per year that could be
sequestered in the state through
those practices through 2050.

To arrive at this estimate, we used
several modeling tools to evaluate: 

We conclude that natural strategies –
reforestation, improved soil health,
and coastal ecosystem restoration –
can sequester or otherwise mitigate
an average of 8.6 million tons of CO2
per year in 2050, in addition to the
51.8 million tons a year these lands
are currently sequestering [REM1]
(Virginia Department of
Environmental Quality). This is an
estimate with numerous assumptions
built in, but it does accurately
represent the order of magnitude of 

carbon that Virginia might be able to
sequester through natural processes.
This estimate should be considered a
maximum for decision-making
purposes. The state is unlikely to
achieve this level of natural CO2
removal, primarily because
sequestering carbon through natural
processes requires large amounts of
land, and landowners in Virginia are
unlikely to shift all possible acreage
for CO2 removal by 2050. 

Our analysis also shows that Virginia
may need as much as 40 million
additional tons per year of CO2
removal by 2050 to achieve net-zero
energy related emissions in a cost-
effective fashion, depending on how
quickly and how much we
decarbonize energy use and
transportation. We estimate that
natural strategies can only be
reasonably expected to contribute up
to 20 percent of that. Virginia does,
however, have the potential to
achieve significant and cost-effective
CO2 removal through BECCS. This
technology converts biofuels, such as
switchgrass or wood, into energy and
sequesters the CO2 that results from
the process in geologic formations.
Assuming an aggressive program to
reduce CO2 emissions and
implementation of natural strategies,
Virginia should be able to use BECCS
to provide the majority of carbon
removal needed to achieve net-zero
by 2050.
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2 /Virginia Carbon Emissions
and Mitigation Policies
Until recently Virginia had virtually no
climate change mitigation policies.
With the passage of the Virginia
Clean Economy Act and other
legislation, Virginia has now moved to
the forefront of states seeking to
reduce greenhouse gas emissions
from electricity generation and
transportation. Nevertheless,
substantial work remains to achieve
net-zero emissions across the state’s
entire economy.

Virginia Greenhouse Gas
Emissions and Existing
Sequestration

In 2018, the Virginia Department of
Environmental Quality estimated that
energy use and other economic
activities within the state generate
141.8 million tons of carbon dioxide
(CO2)-equivalent greenhouse gas
emissions each year. Considering the
51.8 million tons of CO2-equivalent
sequestered by forests and other
land uses, the net greenhouse gas
emissions are currently 90.1 million
tons of CO2-equivalent per year. 

Table 1 lists the sources and sinks of
CO2-equivalent per year in Virginia.
CO2-equivalent is a measure used to
compare the various greenhouse
gases based on their global warming
potential. 
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Based on this estimate, the state could achieve a goal of net-zero CO2
emissions by reducing energy-related CO2 emissions by 56% if the state’s
nature-based carbon sink continues to sequester CO2 at its current rate. A
somewhat more ambitious net-zero goal that encompasses all greenhouse gas
emissions could be achieved by reducing total greenhouse gas emissions by
64% on a CO2-equivalent basis, while maintaining existing nature-based carbon
sinks. This report, together with CO2 emissions reduction modeling completed
by University of Virginia’s Energy Transition Initiative (Shobe et al., 2021),
indicates that it is feasible from both an economic and technological
perspective for Virginia to achieve net-zero energy-related CO2 emissions by
sharply reducing emissions attributable to energy use while also incorporating
engineered negative emissions technologies such as bioenergy with carbon
capture and storage (BECCS) into the state’s energy system. If the state also
maintains and enhances existing natural carbon sinks, the state could achieve
net-negative greenhouse gas emissions [1].

[1] This report follows international guidelines for distinguishing between natural and anthropogenic
sources of emissions from agriculture, forestry, and land use. The Intergovernmental Panel on
Climate Change (IPCC) has provided guidance that sources and sinks of emissions from managed
land should be considered anthropogenic sources and included in national greenhouse gas
inventories and emission reduction commitments (Ogle et al., 2021). The reporting guidelines define
managed land as “... land where human interventions and practices have been applied to perform
production, ecological or social functions” including conservation, recreation, and cultural uses and
objectives (IPCC 2003). In U.S. national greenhouse gas inventories and CO2 emissions reduction
commitments, the entire land area of the contiguous 48 states, including all of Virginia, is classified
as managed land (USEPA 2021). 

Table 1. Sources and Sinks of Greenhouse Gas Emissions in Virginia
(units are million metric tons of CO2-equivalent per year)
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Virginia Greenhouse Gas
Mitigation Policies

In the 2020–21 session, the Virginia
legislature passed three bills that
together established the state’s
climate change mitigation framework.
The Virginia Clean Economy Act
requires that all electricity generated
in the state be carbon-free by 2050. It
also sets specific targets for offshore
wind and solar generation in the
state. Finally, the statute requires the
state to prepare an energy plan that
identifies actions that would achieve
net-zero emissions by 2050 from all
sectors of Virginia’s economy. The
legislature also passed the Clean
Energy and Community Flood
Preparedness Act, which authorized
Virginia to join the Regional
Greenhouse Gas Initiative, a
greenhouse gas emissions offset
program that currently includes ten
other eastern states, with two more
(Pennsylvania and North Carolina) in
the process of joining. The Regional
Greenhouse Gas Initiative allows
regulated greenhouse gas emitters in
member states to purchase offsets
for a portion of their emissions,
including offsets in the form of
projects that remove and sequester
CO2 from the atmosphere. Finally,
SB1374 established a task force to
study carbon sequestration in the
state and report back to the
legislature.

The legislature passed these Virginia-
centric policies against a backdrop of
extensive efforts nationally and
globally to both cut and offset
greenhouse gas emissions. Twenty-
four states have set some kind of
CO2 emissions targets. The University
of Virginia, Virginia Tech, and William
and Mary have all adopted goals of
achieving carbon-neutral campuses
by 2030. Many large corporations,
some with significant presence in
Virginia, have adopted net-zero or
net-negative CO2 emissions goals.
For example, Amazon has pledged to
be net carbon-neutral by 2040 and
Microsoft has pledged to be carbon-
negative by 2030 and to remove all
its historic CO2 emissions from the
atmosphere by 2050 (Amazon 2019,
Smith 2020).

Most countries in the world have
ratified the Paris Climate Accord.
Article 2 of the Accord defines the
primary goals of the agreement as
“holding the increase in global
average temperature to well below  
 2 °C above pre-industrial levels and
pursuing efforts to limit the
temperature increase to 1.5 °C above
pre-industrial levels.” In pursuit of
those goals, Article 4 commits the
parties to rapidly reduce global
greenhouse gas emissions “so as to
achieve a balance between
anthropogenic emissions by sources
and removals by sinks of greenhouse
gases in the second half of the
century.” 
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Pursuant to the agreement, major
emitting countries have set individual
goals for reductions. At present the
world is not on track to meet the
goals of the Paris Accord. Despite
rapid growth in the installed capacity
of wind and solar energy, the
percentage of global energy use
derived from fossil fuels has
remained nearly constant over the
past decade, while global energy
consumption and greenhouse gas
emissions have continued to increase
(EIA 2021, GCP 2021). As clean energy
technologies become cost
competitive, energy-related
emissions can be expected to

 decline, but there is a substantial risk
that the energy transition will not
proceed rapidly enough to limit
global warming to less than 2 °C. 

Most published studies of mitigation
pathways consistent with the goals of
the Paris Accord envision the need to
supplement clean energy
development with carbon removal
from natural processes and
technologies such as BECCS and
direct air capture (DAC) (Clarke et al.,
2014). Indeed, the Intergovernmental
Panel on Climate Change’s modeling
confirms the need to remove
significant amounts of CO2 from the
atmosphere and ultimately achieve
net negative greenhouse gas
emissions (see Figure 2).

Figure 2.  Scenarios of net greenhouse gas emissions from fossil fuels, industry and land-use
changes, and CO2 removal strategies. Source: Negative Emissions Technologies and Reliable
Sequestration, NASEM, 2019
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3 /Carbon Dioxide (CO2)
Removal for Climate Change
Mitigation 
 

Carbon Dioxide (CO2) Removal
(Negative Emissions)

Because cutting greenhouse gas
emissions across the economy will take
time, carbon dioxide (CO2) removal can
play an important role in achieving
Virginia’s net-zero goals as well as
those expressed by other states,
countries, and institutions. They are
needed both to offset emissions that
are too expensive or otherwise difficult
to cut and to stabilize CO2 levels in the
atmosphere at an acceptable level for
the long term.

The process of CO2 removal involves
two steps – taking CO2 out of the
atmosphere and then sequestering it
so that it remains unavailable to the
atmosphere for the foreseeable
future, preferably permanently. This
can be done through natural or
technological processes. Despite
their importance, there are major
gaps in our understanding of CO2
removal strategies, particularly in
how to implement them on a broad
scale. 
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Reforestation and other tree
planting in order to remove and
sequester carbon through the
growth of trees and addition of
carbon to soils.
Changes in agricultural practices
which can increase long-term
storage of carbon in soils and
reduce greenhouse gas
emissions from soils and
livestock. 
Restoration of coastal
ecosystems, which sequester
carbon through the growth of
seagrasses and expansion of tidal
wetlands. 
Bioenergy with carbon capture
and storage (BECCS), whereby
biofuel growth removes CO2 from
the atmosphere which is captured
when the fuels are burned for
energy and stored underground.
Direct air capture (DAC) and
sequestration through
technologies that pull CO2 out of
the atmosphere for storage in the
ground.

The strategies that could be
deployed in Virginia include the
following:

Natural uptake of CO2 already offsets
emissions of greenhouse gases. From
2010 through 2019, approximately
half of the CO2 released into the
atmosphere globally from
anthropogenic sources was removed
by terrestrial ecosystems and the
oceans (Friedlingstein et al., 2020). As
noted above, forests and other land
uses in Virginia currently sequester
approximately 35 percent of
greenhouse gas emissions in the
state.

Additional CO2 removal will need to
play several roles in climate
mitigation in Virginia and globally.
First, through regulated carbon offset
markets (often referred to as cap-
and-trade programs), CO2 removal
can lower at least the short-term cost
of climate mitigation. Carbon markets
that are part of a mandatory
emissions reduction program allow
regulated greenhouse gas emitters
to assess whether to cut their own
emissions or to seek more cost-
effective means of mitigating those
emissions by paying for emissions
reductions or CO2 removal
elsewhere. Carbon removal projects
are one of the potential sources of
greenhouse gas offsets. 
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Second, CO2 removal projects allow 
 carbon emitters that are not yet
regulated to reduce their carbon
footprint voluntarily. Individuals can
purchase voluntary carbon offsets
and corporations can do the same or
directly sponsor their own large
offset projects. CO2 removal
strategies play a prominent role in
these efforts. 

Third, as more sources of
greenhouse gases become
regulated, some emissions will
invariably prove technologically
difficult or particularly expensive to
eliminate. Air travel is one source that
may fall into this category of
recalcitrant emissions. CO2 removal
strategies may be needed for many
years in the future to offset emissions
from these sources if we are to
achieve net-zero emissions. 

Finally, due to the amount of CO2
already in the atmosphere and that
will be emitted along the path to net-
zero, most published studies envision
the need for significant removal of
CO2 from the atmosphere to
ultimately achieve net negative
greenhouse gas emissions by the
second half of this century (see
Figure 2). 

The Virginia Clean Economy Act
requirement to develop a plan for
achieving net-zero emissions from all
sectors of the economy by 2045
implies some level of additional CO2
removal to offset emissions from
sectors such as transportation and
industries which are expensive and
politically difficult to cut. The balance
of emissions reduction and CO2
removal will ultimately depend on
the costs of different technologies
and practices, and those costs are
likely to change rapidly in coming
years. 

To assess the CO2 removal needs to
meet Virginia’s economy-wide
carbon neutrality goal in 2050, we
used the same integrated modeling
tool used by the Intergovernmental
Panel on Climate Change and the
federal government to develop its
national-scale decarbonization plans.
The model, called the Global Change
Analysis Model for the USA (GCAM-
USA) allowed us to analyze the most
cost-effective CO2 removal
strategies to meet Virginia’s carbon
neutrality goal by 2050. 

Carbon Dioxide (CO2) Removal
(Negative Emissions)
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The model includes a portfolio of
technically feasible CO2 removal
strategies within Virginia along with
the deployment of other cost-
competitive CO2 reduction
technologies such as use of
renewables to displace carbon-
based sources of electricity
generation. The model includes
assumptions related to the cost of
mitigation, applicable policies, and
the rate of electrification of the
transportation sector. We included
the zero-carbon electricity
generation mandate of the Virginia
Clean Economy Act and assumed an
overall goal of net-zero with no other
mandates for sources other than
electricity. Given current policies, that
cannot be expected to entirely
eliminate transportation emissions by
2050, the model results show that
Virginia could need approximately 40
million tons of additional incremental
CO2 removal per year in 2050. 

The model predicts less than ten
percent of Virginia’s incremental CO2
removal will come from land use
changes such as tree planting and
agricultural practices, largely due to
competing land uses. Independent
estimates of the potential of nature-
based CO2 removal through forest
restoration, changes in agricultural
practices, and restoration of
seagrasses and coastal wetlands
confirm this relatively modest role for
natural CO2 removal. This highlights
the need for substantial CO2 removal
from technological solutions to meet
Virginia’s 2050 net-zero carbon
emissions goal.
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4 /Strategies for Carbon
Dioxide (CO2) Removal in
Virginia
Bioenergy with carbon
capture and storage (BECCS)

Bioenergy with carbon capture and
storage (BECCS) is a combination of
two technologies that, taken
together, have great potential for
carbon dioxide (CO2) removal. The
BECCS process captures
atmospheric CO2 through the growth
of biomass which can then be
harvested and processed for
bioenergy. To achieve negative
emissions, the bioenergy conversion
process uses technology to capture
CO2 released during combustion or
other processing of the biomass. The
captured CO2 is then stored in a
secure geologic repository where it
can remain indefinitely. Many
different forms of BECCS have been
proposed. Biomass feedstocks could
be corn, switchgrass, forest residues,
or even municipal solid waste.
Conversion processes include direct
combustion to make electricity and
gasification of the biomass to make
synthetic liquid fuels. Existing BECCS
technologies can convert biomass to
synthetic liquid fuels and consume
those fuels for energy, all with a
negative carbon footprint.

For a region to be a viable site for a
BECCS facility, access to inexpensive
biomass and geologic carbon storage
sites is needed. Virginia has both. It is
a highly bio-productive region, with
potential to grow a variety of
feedstocks. Virginia also has
extensive carbon storage potential
(Blondes et al., 2019). Most of the
geologic reservoirs that have been
characterized to date are in Western
Virginia and off the coast. Even
though only a few small pilot
demonstration projects have been
done to date, the anticipated storage
capacity at these locations greatly
exceeds the demand. 

Methodology
Using the Global Change Analysis
Model (GCAM), we analyzed two of
the most promising configurations of
BECCS: biomass-based electricity
generation (BECCS electricity) and
biomass-based liquid fuels (BECCS
liquids), both with carbon capture and
storage in geologic reservoirs. We
considered two types of BECCS
electricity generation technologies
that are equipped with CO2 capture:
conventional biomass-fired
technology and an integrated
gasification and combined cycle.
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For BECCS liquid biofuels, we
evaluated first-generation biofuel
production technologies that use
agricultural crops as feedstocks and
second-generation biofuel production
technologies that use bioenergy crops,
forest residues, and other solid waste.
[2]

We include a variety of assumptions
about the policy and economic
environments in Virginia. These
include: 1) full implementation of the
Virginia Clean Economy Act, but no
regulation of CO2 emissions from
agriculture; 2) model assumptions
about the relative costs of BECCS and
other CO2 removal strategies and
emissions reduction pathways; and 3)
assumptions about how the regulatory
environment and available
technologies and their costs would
produce various combinations of
emissions reductions and CO2 removal
strategies. One policy uncertainty is
whether the Virginia Clean Economy
Act would treat electricity generation
from BECCS as carbon-free. The
available BECCS processes do emit
some CO2, but they achieve net
carbon-negative emissions by
removing more CO2 from the
atmosphere than they emit. 

We assumed that these processes
would qualify under the Virginia Clean
Economy Act as carbon-free. A
different interpretation of the statute
might make BECCS unavailable in
Virginia as a source of electricity
generation.

Estimate of CO2 removal potential

We estimated that achieving net-zero
CO2 emissions in Virginia by 2050
could require more than 40 million
tons of CO2 per year of additional CO2
removal as well as significant
emissions reductions (Table 1). A key
driver of potential need for
incremental negative emissions is the
extent to which transportation can be
decarbonized by 2050 – the more cars
and trucks that switch to electricity or
other green fuels the less carbon
removal the state will need to achieve
net-zero. Our base case analysis
assumes the need to offset
substantial remaining carbon
emissions from the transportation
sector in 2050, but if decarbonization
of this sector proceeds more rapidly, a
lower level of offsetting negative
emissions would be required. 

[2] Liquid biofuels (even if used for transportation where end use CCS is not currently cost-effective) can
still provide negative emissions if bioenergy is used to power the conversion of the biomass to a liquid
fuel and CO2 from the conversion process is captured and sequestered. 
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The GCAM model indicates that more
than half of the total CO2 removal in
2050 would come from BECCS
electricity and about one third of the
total would come from BECCS
liquids. Nature-based negative
emissions are projected to provide
7% of the total negative emissions in
2050 (Figure 1). These results should
be viewed as indicative of potential
pathways to a net-zero energy
system in Virginia that relies on
currently available technologies.
Emerging technologies, such as
green hydrogen and direct air
capture (DAC), could play a greater
role if some of the more optimistic
cost-reduction forecasts for these
technologies prove to be accurate. 

The Virginia Clean Economy Act
mandates use of wind, solar, and
other zero-carbon electric generation
technologies to eliminate emissions
from the power sector. 

Our modeling results indicate that
electric generation using BECCS
could be a comparatively low-cost
means of offsetting remaining
emissions from other energy uses
that will be difficult to fully transition
from carbon-based fuels by 2050. [3] 

To assess the accuracy of GCAM’s
output for Virginia and obtain a more
ground-up estimate of the capacity
of natural processes for negative
emissions, we determined
independently the CO2 removal
potential for forest restoration,
changes in agricultural practices, and
restoration of coastal ecosystems.
These estimates indicate that there is
more capability to sequester CO2
through natural processes in Virginia
than modeled by the GCAM –
approximately 20 percent of the total
negative emissions needed for
Virginia to meet net-zero. Those
results are discussed more fully in
the next three sections below.

[3] The role of BECCS electricity in a net-zero Virginia energy system would depend crucially on whether
and how emission offsets for BECCS would be accounted for and compensated under the Virginia Clean
Economy Act (VCEA) and any future legislation. Although the VCEA permits the state’s investor-owned
utilities to use unspecified zero-carbon electric generating technologies as well as specific targets for
wind and solar, to meet the VCEA’s mandates, it is not clear whether BECCS would be considered a zero-
carbon source of electric generation as currently defined in the VCEA. This ambiguity is worth addressing
in future legislation since BECCS generating facilities in addition to providing negative emissions also
would provide a source of dispatchable power to the grid which will be of increasing value as the VCEA is
implemented and the proportion of generation derived from intermittent renewables increases.
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When trees grow, they pull CO2 out of the atmosphere and store the carbon as
biomass, primarily wood, but also as leaves and roots. In a forest, some of this
carbon is periodically released, for example when leaves fall to the ground and
decompose or when the forest burns in a fire. However, forests are capable of
storing large amounts of carbon for extended periods of time, both in the form
of tree biomass and carbon that gets integrated into forest soils (Trumbore,
2000). Through deforestation globally, humans have caused the release of
approximately 770 billion tons of CO2 into the atmosphere since 1750
(Friedlingstein et al., 2020). By maintaining and expanding forests, we can
remove CO2 from the atmosphere and sequester it for decades assuming
proper management. Virginia’s existing forests are already doing this quite well
– current estimates are that 13-15 million acres of forests and urban trees in
Virginia sequester 51 million tons of carbon per year.

Figure 3: Sectoral CO2 emissions and negative emissions technologies under Virginia’s carbon
neutrality goal in 2050.

Forest Restoration
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Virginia has significant potential for
reforestation and other tree planting
designed to capture and sequester
additional CO2. Much of the state was
forested before European settlement,
and forests could be replanted on
open and available land with a good
chance of success. Using readily
available modeling tools, we have
calculated that there are 1.9 million
acres of land highly appropriate for
these strategies in Virginia that could
sequester an average of 5.9 million
additional tons of carbon per year
through 2050.

Methodology
We used a dataset developed by The
Nature Conservancy to assess the
distribution of forest restoration
opportunities in the contiguous
United States to estimate how many
acres in Virginia are suitable for forest
restoration in terms of biophysical
characteristics and existing land use
(Cook-Patton et al., 2020). We only
considered lands not currently in
economically productive use as
available for reforestation. For
example, we excluded crop land and
productive pasture land, but included
less productive pasture land on
challenging soils. We also considered
the possibilities for expanding tree
cover in urban areas. To arrive at an
estimate, we needed to quantify
carbon sequestration for each acre of
reforested land over time.

The rate of carbon uptake by forests
varies based on local climate, soil
conditions, and forest age. To
account for this, we used a spatially
explicit model developed by The
Nature Conservancy based on data
from the United States Forest Service
(see Cook-Patton et al., 2020). 

Estimate of CO2 removal potential

In addition to the 51 million tons of
CO2 per year currently being
sequestered by Virginia forests, we
estimate that new forests in Virginia
could sequester a theoretical
maximum of 15 million additional tons
of CO2 per year, declining by about
8% from 2030 to 2050 as the forests
age. This mitigation could be
achieved by restoring tree cover to
4.4 million acres of land that was
historically forested. It includes three
categories of land currently used for
agriculture: pasture on challenging
soils, pasture on higher quality soils,
and a very small amount of cropland
on challenging soils. Converting the
entire 4.4 million acres to forest is not
a realistic scenario. This total
represents about 80% of all farmland
(crops and pastures) in Virginia and
20% of all non-federal land in the
state. Virginia needs to keep
producing food, there are no policy
proposals on the table to convert this
much land to climate mitigation uses,
and owners of this extent of land are
not likely to convert it to forest.
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To arrive at a more realistic upper
bound on CO2 removal from
reforestation, we limited agricultural
lands available for reforestation to
pastures with challenging (less fertile)
soils (approximately 939,000 acres)
and some croplands on challenging
soils in addition to open urban lands,
unstocked forest patches, flood
plains and streamside buffers, and
other lands. This results in an
estimate of 5.9 million tons of CO2
per year in 2050 from reforestation on
1.9 million acres of land. 

About half of the carbon
sequestration potential is attributable
to less productive pastures (see
Table 2). The second largest
opportunity, providing just over a
third of the sequestration potential, is
in urban open spaces. Conversion of
a variety of other current land uses
accounts for the rest. Reforestation
potential exists across the
Commonwealth (see Figure 4). 

Figure 4. Spatial distribution of restoration of forest cover opportunities in Virginia. 
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The level of actual reforestation over
the next thirty years will depend on a
variety of factors and the decisions of
thousands of landowners and
communities around the state. Some
of the land identified in Table 2 as
having high potential for reforestation
will likely be committed to other
uses, such as residential or
commercial development or
production of solar energy rather
than forest planting. 

Some landowners will simply not
want to convert their land to forest.
The price paid to landowners to
sequester carbon is likely to be a key
factor in determining what level of
additional CO2 removal the state
actually achieves through
reforestation. The 5.9 million tons per
year amount represents a reasonable
estimate of the maximum that might
be achievable for purposes of
planning and policy formulation.

Table 2. Potential mitigation from reforestation by opportunity type in Virginia, derived from The
Nature Conservancy national database.
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Co-benefits and Trade-Offs

Reforestation provides substantial
public benefits in addition to carbon
sequestration. Indeed, a variety of
government programs already
provide landowners with incentives
to plant trees on their land to achieve
these benefits, including most
notably increased wildlife habitat and
improved water quality. Areas in
Virginia with high conservation value
offer large carbon mitigation
opportunities. Biodiversity climate
corridors identified by The Nature
Conservancy could potentially
sequester 0.5 million tons of CO2 per
year, equivalent to 9% of the
statewide realistic mitigation
potential, on 171,000 acres (Table 1).
Almost 70% of the biodiversity
climate corridor area overlaps with
pastures and another 10% with urban
areas. An additional 0.4 million tons of
CO2 per year could potentially be
sequestered on 127,000 acres of
protected areas. Over 80% of those
acres are in pasture and another 10%
are in urban areas. An additional 0.4
million tons of CO2 per year could
potentially be sequestered on
127,000 acres of protected areas.
These data suggest that achieving
significant reforestation of pastures 

and urban open space will enhance
existing conservation goals.
Conversely, achieving complete
reforestation of biodiversity climate
corridors and protected areas would
achieve about 30% of the estimated
total sequestration potential from
reforestation of pastures on
challenging soils. Focusing on land
already identified as having high
conservation value provides an
effective and high value basis for
prioritizing land for reforestation.

Reforestation also provides a variety
of water management benefits. First,
it can serve as a means of flood
hazard mitigation (Ellison et al., 2017).
Flood prone areas that could be
reforested could sequester about 0.4
million tons of CO2 per year (8% of
the statewide total). Almost 70% of
these areas occur in pastures and
another 12% occur in urban areas.
Flood mitigation provides an
additional basis for prioritizing land
for reforestation. The potential water
quality benefits of reforestation are
also significant (Neary et al., 2009).
The federal government, Virginia, and
other Chesapeake Bay states are
currently engaged in a program to
restore both local and Chesapeake
Bay water quality. 
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As part of this effort, state and federal
programs are offering landowners
incentives to create and maintain
streamside forested buffers. There is
also substantial overlap between
land targeted for streamside buffers
and flood prone areas. Using
conservation, flood prevention, and
water quality metrics to prioritize land
for reforestation provides a way to
maximize climate benefits while
minimizing land use tradeoffs.

Forest restoration provides an
additional ecosystem service to the
localities that embrace it: heat
mitigation. Through physical
processes that go well beyond the
uptake of CO2, forests provide local
cooling of several degrees during the
hottest times of the year (Ellison et
al., 2017, Li et al., 2015). Forested
landscapes moderate extreme heat,
reducing extreme temperatures that
put people, livestock, and crops at
risk. Forests, both urban and rural, will
be an essential tool for adaptation to
ongoing climate change in Virginia.

The primary limiting factor for CO2
sequestration through reforestation
at scale is that it requires large
amounts of land. Our estimate is that
almost 1.9 million acres are needed.
In addition, to sequester CO2 in a way
that effectively mitigates climate
change, reforested land will have to
be preserved for the long term.

Preservation of large amounts of land
as forest in specific counties means
that this land cannot be used for
other purposes for the foreseeable
future.

Restoring and protecting large
amounts of forest could interfere with
local goals for economic growth and
development, either broadly
speaking or in terms of specific
projects that might conflict with
reforestation. Reforestation will also
take land out of potential use for
solar, which also requires large
amounts of land relative to fossil fuel
power generation facilities. Extensive
land preservation could also lower a
counties real estate tax base,
depending on the value of alternative
realistic land uses. 

The decision to restore forest on
specific parcels of land around the
state will be made by the owners of
those parcels. How much land is
reforested will depend in part on
economic incentives, including how
much carbon offset markets and
government incentive programs pay
compared to other uses of land. More
analysis needs to be done to assess
whether the state needs policies to
focus forest restoration in ways that
maximize co-benefits and minimize
economic disadvantages to specific
communities. 
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In addition, there are uncertainties regarding carbon sequestration through
reforestation that will require further research and policy development. Although the
processes by which different types of forests take up and sequester CO2 are well
understood and quantified, the rate of CO2 uptake is highly dependent on local
conditions (Hwang et al., 2011, Fotis et al., 2018, Yue et al., 2020). The annual rate can
vary with weather and climate at a specific site, and the actual rate may not conform
to the predicted average. The most accurate way of accounting for the actual rate of
sequestration of a particular project is to do assessment and monitoring of each site,
which may become expensive on a broad scale. These issues are not unique to
Virginia and are being addressed in international climate agreements and existing
carbon offset programs. Finally, carbon stored in forests can be released through
unanticipated, stochastic events, most notably fire and disease (Hicke et al., 2012,
McDowell et al., 2020). Any system for crediting carbon sequestered by forests will
have to take into account the risk and impact of such events.

The policy challenge is to both understand the amount of carbon being sequestered
and to make sure that this amount matches the amount paid for through any offset
market or government incentive program. Existing offset markets have implemented
tools to deal with these uncertainties (such as in California), but they need to be
evaluated and updated as knowledge improves.

Figure 5. County-level sequestration potential based on restoration of forest cover opportunities in
Virginia.
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Agricultural Practices

Agriculture is a major source of
greenhouse gas emissions. In
addition to burning fossil fuels,
agriculture emits two other important
greenhouse gases: methane
(primarily from livestock) and N2O
(primarily from fertilizer). Agriculture
also can release carbon that had
been stored in soils over millennia
(Sanderman et al., 2017). Changes in
agricultural practices can mitigate
climate change in at least three ways:
reducing emissions, sequestering
carbon in soils, and sequestering CO2
by switching some land to alternative
vegetation, including trees. We
estimate that, in 2050, Virginia can
remove or otherwise mitigate 2.4
million tons of CO2-equivalent per
year on agricultural lands solely
through changed management
practices without taking any land out
of production. 

Methodology
To estimate carbon mitigation
potential from agricultural lands and
practices we used the Carbon
Reduction Potential Evaluation
(CaRPE) tool from the American
Farmland Trust. This tool combines
emission reduction coefficients from
the CarbOn Management and
Evaluation Tool (COMET) Planner and
acreages taken from the USDA
Census of Agriculture (AgCensus). 

The COMET Planner provides
emission reduction coefficients for
various cropland and pastureland
management practices. Using these
data, the CaRPE Tool generates
county-level greenhouse gas
mitigation potentials for a given
acreage based on the scale of
management practice adoption. This
tool combines carbon uptake and
sequestration (largely in soils) with
actual greenhouse gas reductions.
Therefore, the numbers in this
section represent overall greenhouse
gas mitigation, not just mitigation
from CO2 removal processes. 

While the CaRPE tool allows for
adding woody vegetation to
croplands, we have not included any
tree planting or other reforestation
efforts in our estimate for agricultural
mitigation. Virginia has just over 5
million acres of land currently in
agricultural uses (other than forestry):
about 3 million in cropland and 2
million in pasture land. Reforesting
agricultural land represents its
highest potential for CO2
sequestration, but we believe this
option will likely be limited to low
productivity lands. As indicated
above, our estimate for reforestation
on farmlands includes conversion of
just over 939,000 acres of marginal
pastureland to forest. 
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Here, we are working with the
remaining 1.12 million acres of
pastureland plus croplands in order
to develop a scenario where no
additional land is taken out of
agricultural production. Our estimate
is based on implementing best
management practices that improve
soil uptake of carbon or reduce
greenhouse gas emissions from the
soil. To maintain a conservative
approach, we assume that best
management practices would only
be implemented on 80 percent of
these agricultural lands. 

Estimate of CO2 mitigation potential

Implementing best management
practices on agricultural lands in
Virginia has the potential to sequester
and otherwise mitigate
approximately 2.4 million tons of
CO2-equivalent in greenhouse gases
per year (Table 2). This figure is based
on implementing several
complementary practices on
approximately 2.5 million acres of
croplands to produce mitigation of 1.7
million tons of CO2-equivalent per
year over existing levels. This
acreage reflects the extent to which
residue and tillage management and
cover crops are already being
implemented in the state (generating
0.7 million tons of CO2-equivalent per
year in mitigation). 

The 2.4 million ton total also includes
an 80 percent adoption rate with
respect to three complementary
management practices on one
million acres of more productive
pastureland. Range planting, nutrient
management, and prescribed grazing
together can generate 0.7 million
tons of CO2-equivalent per year.

All of these practices in some way
improve soil uptake of carbon or
reduce the release of greenhouse
gases (primarily N2O) from soil.
Statewide, individual practices could
yield up to 0.8 million tons of CO2-
equivalent per year on croplands and
up to 0.5 million tons of CO2-
equivalent per year in pastures (Table
2). Implementation of these practices
would, of course, occur primarily in
the parts of the state where
agricultural production is most
intense, and thus the counties with
the highest agricultural production
also have the highest potential for
mitigation (Figure 6). Mitigation
potential from active farmlands (2.4
million tons of CO2-equivalent per
year) is less than half that of
reforestation (5.9 million tons of CO2-
equivalent per year); yet farm-based
efforts require 3.4 million acres of
land and a realistic reforestation
scenario requires only 1.9 million
acres. 
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Table 3. Statewide mitigation potential from best management practices on agricultural lands
(croplands and pastures on fertile soils). Derived from the CaRPE tool of the American Farmland Trust.

Figure 6. County-level mitigation potential based on agricultural practices on croplands and
pasturelands (80% adoption rate).
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Co-benefits and constraints

Many of the agricultural practices
identified for carbon mitigation are
already promoted by government
incentive programs because of their
other benefits, including improved
soil health and water quality. Some
practices may reduce costs for
farmers because they require less
fertilizer and other inputs. In addition,
by improving soil health, some
practices can improve the long-term
productivity of land.

Implementation of carbon mitigation
practices in agriculture on a large
scale is a major challenge and would
require large numbers of farmers to
change their practices. Long-
standing state and federal policies
have for decades encouraged
farmers to engage in similar changes
to accomplish a variety of objectives,
including soil conservation and
improved water quality.

These policies have succeeded in
many places, but the success has not
been uniform. For example, efforts in
Virginia and the rest of the
Chesapeake Bay region to incentivize
farmers to employ practices that
reduce nutrient pollution have made
progress but have generally fallen
short of goals. 

Based on this history, it is
unreasonable to expect that incentive
policies and offset markets will
induce farmers in Virginia to deploy
carbon mitigation practices on all
available acres.

There are a variety of other
challenges to effectively deploying
carbon mitigation on agricultural
lands, many of which parallel
concerns related to reforestation.
These include finding the right
combination of modeling, site
assessment, and monitoring to
confirm the amount of carbon
actually sequestered, as well as
uncertainties about the permanence
of both the practices themselves on
the ground as well as the
sequestration of carbon in soils. If
agricultural mitigation is to be
included in any carbon offset market
or if carbon mitigated through these
practices is to be accurately tracked,
we will need additional research and
policy development to design an
optimal accounting procedure. 



Climate Restoration Initiative 27

Coastal Carbon Sequestration

In Virginia, two types of coastal
ecosystems provide opportunities for
carbon sequestration - subtidal
seagrasses and intertidal marshes. Both
types of habitats sequester carbon in
plant and root biomass and in soils. The
plants slow water currents and cause
carbon-rich particles floating in the
water to be deposited on the soils. The
soils of these coastal habitats build up
over time and are anoxic, slowing
decomposition and locking the stored
carbon in place. The Virginia portion of
the Chesapeake Bay and the coastal
lagoons of Virginia’s Eastern Shore both
have potential for restoration and for
marsh migration in response to sea-
level rise. We estimate that these
ecosystems could capture and
sequester a maximum of about 177,000
tons of additional carbon in 2050. This
estimate is highly uncertain because a
variety of potential factors could
jeopardize restoration of these systems
and reduce carbon sequestration,
including accelerating sea-level rise,
marine heatwaves, coastal
development, and poor water quality
(Katwijk et al., 2015). These factors will
need to be evaluated further to best
estimate potential for coastal carbon
sequestration in the state.

Seagrass

Historically, seagrass grew in
abundance in the Chesapeake Bay
and the shallow lagoons of Virginia’s
Eastern Shore. Eelgrass (Zostera
marina) makes up the majority of
submerged aquatic vegetation in the
Chesapeake Bay and is the only
seagrass species in Virginia’s coastal
lagoons. The amount of seagrass in
Virginia waters is much diminished
from historical levels due to a variety
of causes including disease, poor
water quality, and coastal
development (Lefcheck et al., 2018).
Restoration of seagrass by seeding
started in the Chesapeake Bay in the
1990s. In 2001, a similar seed-based
restoration effort started in Virginia’s
coastal lagoons (Orth and McGlathery,
2012).  In April 2020, Virginia passed
legislation allowing for the restoration
of underwater grasses to count for
carbon offset credits (Oreska et al.,
2020). Seagrass restoration in Virginia
has the potential to sequester an
additional 46,000 tons of CO2-
equivalents per year. 
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Methodology

The Intergovernmental Panel on
Climate Change has used a carbon
sequestration potential for seagrass
of 0.174 ton CO2-equivalent per acre
per year. Comprehensive research in
the Virginia coastal lagoons yielded
an almost identical rate of 0.170 ton
CO2-equivalent per acre per year,
accounting for enhanced CH4 and
N2O emissions in seagrass meadows
(Oreska et al., 2020). These
calculations consider the enhanced
sediment organic carbon and the
long-term average organic carbon
sequestered in biomass minus any
enhanced greenhouse gas
production (CH4, N2O, and CO2). 

We estimated additional sequestration
through restoration on top of the
amount being sequestered by existing
seagrass meadows. The Virginia
Institute of Marine Science (VIMS) has
data on current seagrass area in the
Chesapeake Bay and the Virginia
coastal lagoons, which we subtracted
from the total potential restoration
area in both systems to calculate
possible sequestration from new
seagrasses (VIMS, 2019). As of 2019,
the total area of seagrass in Virginia is
26,771 acres and it sequesters 4,550
tons of CO2-equivalent per year.

Table 4. Total new area of seagrass based on contours of the Virginia portion of the Chesapeake
Bay and a study done of the Virginia coastal bays (Oreska et al., 2021). 
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Estimate of total CO2 removal
potential
We estimate that in Virginia restoration
of seagrasses can sequester up to an
additional 46,088 tons of CO2 per year
in 2050, 44,286 tons of CO2-equivalent
per year in the state’s portion of the
Chesapeake Bay, and 1,801 tons of
CO2-equivalent per year in the lagoons
of Virginia’s Eastern Shore. 

The context for seagrass restoration in
the Chesapeake Bay and in the coastal
lagoons is different in at least one key
respect. A key limiting factor for
seagrass restoration in the Chesapeake
Bay is water quality. Higher water
quality (and clarity) allows grasses to
grow at greater depths and increases
the potential area of seagrass habitat.
The amount of seagrass that can be
restored in the Virginia portion of the
Chesapeake Bay will depend on
restoring water quality. We have based
our estimate of potential seagrass
restoration area for the Chesapeake
Bay on the Chesapeake Bay Program’s
1992 submerged aquatic vegetation
restoration targets, which require
ongoing improvements to water quality
and clarity.

The current deepest extent of
submerged aquatic vegetation in the
Chesapeake Bay is 2 meters (Koch and
Orth, 2003). 

We mapped three different scenarios:
unchanged water quality (with
seagrasses at 0.5 m to 2 m contours);
improved water quality (with
seagrasses at 0.5 m to 2.5 m
contours), and declining water quality
(with seagrasses at 0.5 m to 1.5 m
contours). These estimates all
represent a maximum that is probably
not achievable (Table 4). Seagrass will
not be able to grow in all of these
areas due to a variety of factors other
than water quality, including bottom
sediment, fetch, and physical
disturbances. 

Water quality in the Virginia coastal
bays is high, based on decades of
data from the Virginia Coast Reserve
Long-Term Ecological Research
project led by the University of
Virginia (www.vcrlter.virginia.edu). To
estimate restoration potential for the
Virginia coastal lagoons we used
habitat modeling by Oreska et al.,
2021 of existing and potential
restoration sites in the Virginia Coast
Reserve. Based on this modeling, the
amount of habitat available for
eelgrass restoration is approximately
42.9 km2.

http://www.vcrlter.virginia.edu/
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Co-benefits and constraints

Restoring seagrass offers multiple benefits to the ecosystem and economy.
With increased seagrass there is a substantial decrease in turbidity levels,
because seagrass reduce sediment resuspension and increase water clarity
(Hansen and Reidenbach, 2012, Oreska and McGlathery, 2017). Seagrass,
therefore, improve their own growing conditions by improving water clarity and
increasing light levels that are key factors in the depth at which seagrass can
grow.

Figure 7a shows current seagrass cover in the Virginia portion of the
Chesapeake Bay and the Virginia coastal bays, compared to the maximum
restoration potential, depicted in Figure 7b. Our estimate also assumes that soil
accretion will keep pace with sea-level rise (Koch and Orth, 2003). If sea levels
rise faster than soils build up, that process would reduce available habitat for
seagrasses (Table 1).

Figure 7. a) (left) Current seagrass cover in Virginia.  b) (right). Maximum potential seagrass in
the Virginia portion of the Chesapeake Bay and Virginia coastal bays. 
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Seagrass also acts as a buffer against
shoreline erosion and plays an
important role in habitat for many fish
species (Aoki and McGlathery, 2018,
Schaffler et al., 2013). Since seagrass is
a structurally complex habitat, it
supports nurseries of fish and
invertebrates, such as blue crabs and
scallops, early in their life cycle (Orth et
al., 2020). 

In the Chesapeake Bay, seagrass
restoration has so far failed to achieve
the goals set. This is largely influenced
by water quality. Even though some
increase in water quality has had a
positive impact on seagrass meadows
in the Chesapeake Bay, excess
phosphorus and nitrogen from fertilizer,
manure deposits, and urban runoff
continue to affect seagrass expansion
(Lefcheck et al., 2018). Climate change
also threatens seagrass since
temperatures above 28 °C have been
linked to significant eelgrass die off
(Sobocinski et al., 2013). Restoration of
riparian areas and nutrient
management throughout Virginia will
significantly influence the clarity of the
Chesapeake Bay and increase the
depth to which seagrass can grow and
the potential area for restoration. 

Another possible barrier to seagrass
restoration is concern that restoration
may compete with the expansion of
aquaculture. This is especially true for
the coastal lagoons. After 1933, the
disappearance of seagrass led to the
collapse of the local bay scallop
industry. Watermen switched to
harvesting hard clams (Mercenaria
mercenaria) in large numbers. Now
these hard clams are cultured in clam
beds within shallow areas (<1 m). This
land is leased by the Commonwealth
of Virginia for shellfish planting
(Oreska et al., 2021). For this reason, it
is unlikely that the full potential of
restoration of seagrass in all suitable
areas will be realized. 

Photo by: Perter Berg
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Coastal Marshes

Coastal marshes and other intertidal
wetlands are effective at sequestering
carbon. Similar to seagrass meadows,
the soil in marsh areas is oxygen poor
which results in a very slow breakdown
of plant material and long-term
retention of carbon in soils. Marshes
also accumulate soils and accrete
vertically to keep pace with rising seas.
Climate change and sea-level rise
present both a risk and an opportunity
for these ecosystems. Some coastal
marshes may not keep pace with rising
seas and may become too deeply
submerged and die, releasing their
stored carbon back to the atmosphere.
However, with rising sea levels,
marshes can also migrate inland and
encroach on uplands. Managing
shorelines to allow for this migration is
important for maintaining the natural
carbon sink of marsh ecosystems as
sea levels rise. If this does not happen,
there is a high risk that wetland loss
from sea-level rise will exceed any
gain. Storms can also cause erosion of
marsh edges releasing the stored
carbon in marsh peat, which may get
redeposited on marsh soils, oxidized
and released to the atmosphere as
CO2, or exported to other coastal and
oceanic regions. Marsh erosion could
therefore lead to accelerated marsh
habitat loss along the seaward edges
(Leatherman, 2000).

If managing marsh migration is made
a priority, it appears that the amount
of CO2 sequestered by marshes
could increase over time with a 1 foot
increase in sea level by 2050. We
estimate that with proper
management of shorelines, Virginia
coastal marshes can sequester an
additional 131,000 tons of CO2 per
year by 2050.

Methodology

First we need to assess where
marshes are likely to form and to
persist. Our estimates only consider
estuarine and brackish transitional
wetlands. Coastal elevation plays a
large role in the ability for a marsh to
migrate as the sea level rises. In areas
with low slope, tidal marshes will
expand or maintain size because of
the persistence of shallow water. In
areas with high slope or where the
shoreline has been armored or built
up, marsh loss is more likely to occur
because marshes cannot migrate
inland and water will simply get
deeper, permanently flooding the
marshland (Mitchell, 2020). 
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To assess total marsh area changes
over time, we used the National
Oceanic and Atmospheric Association
(NOAA) marsh migration tool (NOAA,
2016). This tool represents the potential
distribution of each wetland type based
on land elevation and future inundation
by sea-level rise. This includes marsh
gain and loss due to flooding but does
not include marsh edge erosion. The
National Oceanic and Atmospheric
Association data were not time
sensitive, so the tool does not include
marsh accretion or a sea-level rise rate,
which we added using our own model.
Our model used the baseline wetland
data from the National Oceanic and
Atmospheric Association at year 2000
and assumed a constant 5 mm
accretion rate (Mitchell et al., 2020). It
then assessed whether wetland
accretion will keep up with sea-level
rise to determine whether existing and
new wetlands will persist. For this
analysis, we used a sea-level rise of 1
foot by 2050. This is lower than the 2.2
foot sea-level rise (Boon et al., 2018)
adopted by Governor Northam. If we
had used the 2.2 foot of sea-level rise
and the same 5 mm accretion rate, we
estimate 78,580 acres of estuarian and
brackish marshes would be lost by
2050. 

To estimate the rate of CO2
sequestration by marshes, we used a
range of estimates: 0.58 tons of CO2
per acre per year for temperate tidal
marshes between 30° and 40°
northern hemisphere (Wang et al.,
2020), 0.89 tons of CO2 per acre per
year, from the International Academy
of Science’s report on carbon
sequestration (National Academies of
Sciences, Engineering, and Medicine,
2017), and 1.38 tons of CO2 per acre
per year, from the Maryland portion of
the Chesapeake Bay (Chmura et al.,
2003). Table 5 shows the potential for
marsh migration and carbon
sequestration for 1 foot of sea-level
rise and these different sequestration
rates in 2050, and Figure 8 shows the
change in extent  of marshes from
year 2000 to 2050. 



Figure 8. Map a. (left) extent of estuarine wetlands in the year 2000, and b. (right) extent of estuarine and
brackish/transition wetlands in 2050 assuming 1 foot of sea-level rise. 
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Table 5. Marsh area and carbon sequestration in Virginia based off of 1 foot of sea-level rise in 2050.



Climate Restoration Initiative 35

Estimate of carbon sequestration
potential

Using the range of CO2 sequestration
rates in Table 5, we estimate that if
protection of existing wetlands and
creation of new ones is made a priority
in Virginia, the state could sequester an
additional 55,743–131,141 tons of CO2-
equivalent per year in coastal wetlands
by 2050. The amount that Virginia
marshes actually sequester will
depend on a variety of factors,
including the sea-level rise rate, the
extent to which communities and
landowners harden the coast, and
efforts by governments and private
landowners to protect existing
wetlands and allow their migration.
From our analysis, there is a significant
risk that inundation of existing wetlands
will produce more greenhouse gas
emissions than new wetlands will
sequester if the state does not focus on
creating conditions appropriate for
wetland migration. Active efforts to
protect and allow for wetland migration
will be needed to ensure that Virginia
achieves a net carbon benefit as the
sea level rises.

Co-benefits and constraints

Along with sequestering carbon,
coastal marshes protect coasts from
storms, are essential in nutrient cycling,
and provide nursery grounds that
support commercial fisheries.

These marshes are valued at about
$24711 per acre for their ecosystem
services (Kirwan and Megonigal,
2013). Marshes also protect against
shoreline erosion at a lower cost than
barrier construction and could be an
alternative for communities to protect
them from storm damage. The above
ground portion of the plants dampens
wave energy, and marshes promote
soil accretion which increases
elevation relative to sea-level rise
(Moller et al., 1999). Belowground
plant roots also stabilize soil and slow
rates of erosion. Salt marsh
dependent species of interest to
humans, such as the blue crab, are
greatly reduced due to salt marsh
destruction (Lipcius et al., 2005).

Around 25–50 percent of the world’s
coastal tidal wetlands have been lost
as a result of conversion into land for
agriculture and aquaculture uses
(Pendleton et al., 2012). As discussed
earlier, conflicting land uses and
social resistance will be two of the
biggest barriers to further marsh
creation, particularly as sea levels rise
and migrating marshes might
threaten existing land uses like
agriculture.
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Land uses, such as developed infrastructure, can impede migration directly and
alter sediment delivery rates (Kirwan and Megonigal, 2013). The transition of
wetlands can also be susceptible to events such as fires, insect outbreaks, and
hurricanes. Biodiversity can also be affected by upland conversion, because
wetland migration provides an opportunity for invasive species to take root
(Kirwan and Gedan, 2019). Some models predict marsh loss in the Chesapeake
Bay over the next 50- 60 years, especially with accelerated rates of sea-level
rise. This is an uncertain future, and different methodologies and research lead
to differing conclusions about the potential for marsh gain or loss (Mitchell et al.,
2020)

Farm and forest land uses relative to other land uses such as exurban housing, roads, and solar. A
total of 580 acres of permitted solar appear in this image.



5 /Conclusions
Maintenance and expansion of
Virginia’s nature-based carbon sinks
and deployment of engineered
carbon removal strategies can
complement rapid reduction of
greenhouse gas emissions within the
Commonwealth. Analysis conducted
for this report, as well as other recent
analyses of emissions reduction
pathways for Virginia, indicate that it
is technically and economically
feasible for the Commonwealth to
achieve net-zero economy-wide
energy related carbon dioxide (CO2)
emissions by 2050. Core strategies
for achieving that goal cost-
effectively include decarbonizing
electric generation, as mandated by
the Virginia Clean Energy Act,
expanding electrification of
transportation and the building
sector, using zero-carbon fuels
where electrification is not cost-
effective, and deploying carbon
removal technologies to offset any
remaining emissions. 

Substantial sequestration of carbon
by existing land uses in Virginia
already offsets 51.8 million tons of
current greenhouse gas emissions in
the state. 
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Our analysis indicates that more than
40 million tons of remaining energy
related emissions in Virginia would
need to be offset in 2050 if the
baseline transportation sector
assumptions of the Global Change
Analysis Model (GCAM) prove to be
accurate. Reforestation of marginal
agricultural land, expansion of urban
tree cover, and restoration of
seagrass meadows and coastal
marshes could potentially provide as
much 8.6 million tons of carbon
removal annually in 2050, roughly 20
percent of the needed carbon
removal. If decarbonization of
transportation in Virginia is not
significant by 2050 substantial
deployment of bioenergy with carbon
capture and storage (BECCS) and/or
other engineered negative emissions
technologies will be required to
achieve net-zero energy-related
emissions.

The analysis conducted for this
report also indicates that the
Commonwealth can go beyond net-
zero CO2 emissions and seek to
achieve net-negative CO2 emissions
by 2050. 
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Spatially detailed analyses of co-
benefits of nature-based carbon
removal strategies, including
watershed protection, biodiversity
conservation and other co-
benefits of expanding
reforestation, seagrass and
coastal marsh restoration, and
carbon-sequestering land
management practices.

That more ambitious goal can be
realized by emphasizing economy-
wide emissions reductions and
implementing the strategies needed
to achieve net-zero energy related
emissions while safeguarding and
expanding Virginia’s current nature-
based carbon sinks. A commitment
by Virginia to achieve net-negative
greenhouse gas emissions by mid-
century would provide impetus for
other state and national governments
to increase their emissions reduction
commitments and initiatives at a
critical juncture in global efforts to
limit global warming.

Subsequent phases of University of
Virginia’s Climate Restoration
Initiative will explore policy and
programmatic options to increase
natural carbon sinks and efficiently
deploy engineered negative emission
technologies within the
Commonwealth. Key issues that
require further research and analysis
include:

Tradeoffs and optimal use of
forest and agricultural land in
Virginia for carbon sequestration
and renewable energy
generation.
Further analysis of the costs,
benefits, and production capacity
of BECCS and carbon-neutral
biofuels in Virginia in the context
of an economy-wide
decarbonization strategy.
Potential revisions of the Virginia
Clean Economy Act, the Regional
Greenhouse Gas Initiative
guidelines, and other legislation
and regulations to promote
beneficial investment in nature-
based and engineered carbon-
removal strategies.
Economic incentives and other
policy mechanisms for
maintaining and expanding
Virginia’s forests, coastal
wetlands, seagrass meadows, soil
carbon stocks, and other natural
carbon sinks.
Equity implications of promoting
natural and engineered sources
of negative emissions given
alternative policies and incentive
structures.
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